The holm oak plays a relevant role in the functioning of Mediterranean forests. In the area north of Garda Lake, Italian Prealps, holm oak populations are at the northernmost edge of their distribution. Being peripheral, these populations are of particular interest for ecological, evolutionary and conservation studies. Through an explicit individual-based landscape genetics approach, we addressed the following questions: (1) are levels of genetic variation reduced in these marginal populations compared with central populations?; (2) despite the narrow geographical scale, do individual-based analyses have some power to detect genetic differentiation?; (3) do environmental and/or climatic factors exert a role in shaping patterns of genetic variation and differentiation? Through a Bayesian method, we identified three clusters whose genetic variability can be considered to be of the same order as that recorded in central Quercus ilex populations. Although being geographically very close (< 20 km), the differentiation was statistically significant (P < 0.05) with global Fst and FPt values of 0.019 and 0.038, respectively. Geography and phylogeography could not be invoked to explain this differentiation. A redundancy discriminant analysis revealed that relevant eco-pedological and climatic features, such as soil depth, aspect, elevation and humidity, were correlated with the observed pattern of differentiation. Toblino was ecologically separated from the other clusters, as it lies on deep soil with subhumid conditions. The differentiation of the Brione-Ranzo-Val Busa cluster appeared to be related to superficial soils and drier conditions, whereas the Nanzone-Padaro cluster was differentiated mainly according to its mid-elevation. Coupling spatial and genetic information on a local scale proved to be effective to investigate the evolutionary and demographic history of peripheral populations.
INTRODUCTION
The current widespread shift, related to climate change, to northern latitudes and higher altitudes in several plant and animal species (for a review, see Parmesan, 2006) makes populations living at the marginal distribution of their range of particular interest for ecological, evolutionary and conservation studies.
Holm oak (Quercus ilex L.) populations of the Italian Prealps are amongst the northernmost occurrences of evergreen arboreal Mediterranean vegetation. Major limitations to the persistence of holm oak in this area are damage to photosynthetic capacity (Larcher & Tisi, 1990 ) and cold-related damage to young plants (Larcher & Mair, 1969) . Moreover, another potential major limiting factor could arise from levels of genetic variation. It has been claimed that marginal populations could harbour less genetic diversity because of smaller effective population size, more limited gene flow and higher selective pressures (e.g. Carson, 1959; Mayr, 1970; Hampe & Petit, 2005) . This statement often proves not to hold (see Lesica and Allendorf, 1995 for examples in some coniferous species) but, at least in Q. ilex, there is evidence that some peripheral populations display lower heterozygosity and allelic richness (Michaud et al., 1995) than central populations. Moreover, the consequences of population fragmentation/isolation in this species are also detectable at lower spatial scales, as found in the population of Huecas (Spain) (Ortego et al., 2010) . This suggests that the genetic diversity of this longlived species is sensitive to changes in population size and isolation at short spatiotemporal scales.
Therefore, the determination of the patterns of genetic variation within and differentiation among populations at the marginal distribution can provide hints for an understanding of the response to global change. In this light, landscape genetics (Manel et al., 2003) can play a central role in the elucidation of how neutral and adaptive components of genetic variation are affected by landscape and environmental variables . Landscape genetics approaches are indeed becoming increasingly important in the study of species distribution modelling and in conservation biology (Scoble & Lowe, 2010; Segelbacher et al., 2010) .
Quercus ilex L. is considered to be a typical circumMediterranean species, being distributed from the Aegean and Pontic Turkey to the Anti-Atlas in Morocco, with an additional natural distribution range along the Atlantic coasts of Portugal, Spain and France, up to the south of Brittany (Barbero et al., 1992) . In most of the distribution area, Q. ilex forests can be regarded as rare cases of woodlands that have undergone very low or no silvicultural management, whereas, in the centre and south of the Iberian Peninsula, holm oak has been selected for acorn production to supplement feed for pigs (Ruperez, 1957) . Outcrossing is most important (Lumaret et al., 1991) , with wind pollen dispersal much higher than acorn dispersal by gravity, small mammals and large birds (Ducousso et al., 1993) .
Quercus ilex grows in four bioclimates (sensu Emberger): semiarid, subhumid, humid and perhumid. However, when considering its preferred thermic variation, it is essentially in the subhumid bioclimate that it occupies the widest range, from cold to warm regions.
A phylogeographical study based on chloroplast DNA (cpDNA) in Q. ilex revealed that six major groups of chlorotypes can be identified from east to west: Balkans, Italy-south-east France, North Africa, south-west Iberian Peninsula, north-east Iberian Peninsula and south-west France (Lumaret et al., 2002) . These results have been interpreted as indirect evidence of the presence of at least three distinct ice age refugia, namely southern Balkan Peninsula, southern Italian Peninsula and North Africa/southern Iberian Peninsula, from which Q. ilex migration started after the last glaciations (Lumaret et al., 2002) .
In this work, we investigated the patterns of genetic diversity and differentiation in natural populations of holm oak growing in a restricted area of the Italian Prealps. This region is at one of the northernmost latitudes of the Q. ilex distribution. Through an explicit individual-based landscape genetics approach, using seven nuclear DNA microsatellites, we addressed the following main questions: (1) are levels of genetic variation reduced in these marginal populations?; (2) despite the narrow geographical scale, do individual-based analyses allow the detection of genetic differentiation among populations?; (3) do environmental and/or climatic factors exert a role in shaping patterns of genetic variation and differentiation?
MATERIAL AND METHODS

SAMPLES AND DNA TYPING
Samples were collected during a single summer season in six distinct sites of the Italian Prealps located a few kilometres north of Garda Lake (Trentino, Italy: Fig. 1) . A portable GPS device (GeoExplorer 3, Trimble Company, Sunnyvale, CA, USA) was used to gather geographical (later re-projected to UTM 32N) coordinates of each tree. Particular care was adopted to avoid sampling trees in close proximity. Furthermore, when feasible, we sampled adult trees with approximately the same diameter at breast height to avoid the possibility of sampling related individuals. Mature leaves were collected from 124 individuals and stored at -80°C until DNA extraction. Genomic DNA was extracted using the DNeasy Mini Plant kit (Qiagen, Valencia, CA, USA) following the manufacturer's protocol. Each individual was genotyped at the following seven microsatellite loci: MSQ3, MSQ4 (Dow et al., 1995) , QpZAG9, QpZAG15, QpZAG16, QpZAG36 and QpZAG46 (Steinkellner et al., 1997) .
Polymerase chain reaction (PCR) amplifications were performed in a Veriti thermal cycler (Applied Biosystems, Foster City, CA, USA) in a final volume of 25 mL, with 5 ng of DNA, 0.2 mM of each primer (forward primers labelled on the 5' end with hexachloro-6-carboxyfluorescein (HEX), 6-carboxyfluorescein (FAM) and phenyl-1.4-dichloro-6-carboxyfluorescein (NED) fluorochromes, Applied Biosystems), 0.2 mM deoxynucleoside triphosphates (dNTPs), 2.5 mL of reaction buffer, 2 mM MgCl 2, 1 mg ml -1 bovine serum albumin and 0.5 U of Taq polymerase (Polymed, Florence, Italy). The amplification thermal profile was as follows: first denaturation step at 94°C for 5 min, followed by 30 cycles (denaturation at 94°C for 1 min, annealing for 30 s at 50°C and extension at 72°C for 1 min) and a final elongation at 72°C for 5 min. PCR products were then mixed with a fluorescent size standard, ROX 350 (Applied Biosystems), and run on an automated sequencer ABI 3130 (Applied Biosystems). Allele sizing was carried out with GeneMapper software (Applied Biosystems). As already noted by Burgarella et al. (2009) , MSQ13 displayed up to four fragments in about 25% of the individuals, possibly as a result of gene duplication. Another locus, QpZAG9, displayed up to four fragments in some trees, as already documented by Soto et al. (2003) . In both cases, we considered only the first two shortest alleles.
DATA ANALYSIS
Before performing genetic analysis, the dataset was checked and corrected for the presence of null alleles using the software FreeNa based on the method described in Chapuis & Estoup (2007) , in particular adopting the 'excluding null allele size' procedure.
This procedure is expected to give an unbiased Fst calculation in the presence of null alleles. The linkage disequilibrium test was performed with FSTAT software (Goudet, 2001) . All analyses were conducted on genotypes corrected for the presence of null alleles using the method described in Chapuis & Estoup (2007) .
We did not assume that each sampling site could represent a distinct population; rather, we decided to fully exploit the geographical and genetic information to retrieve the most likely number of different genetic homogeneous clusters. According to this strategy, we first ran the analysis aimed at finding these clusters and then calculated the diversity indices on the identified clusters.
We inferred population structure using a Bayesian Monte Carlo Markov chain method implemented in the Geneland package, described in Guillot et al. (2005) , and then subsequently in Guillot et al. (2008) and Guillot (2008) , version 3.0 (Estoup et al., 2009) , under the R Language and Environment for Statistical Computing software (R Development Core Team, 2009) .
Three independent Monte Carlo Markov chain runs were performed by Geneland with the following settings: 1 000 000 iterations with 100 thinning interval and a 'burnin' of 250 000, using the correlated allele frequencies model. As we started from six different sampling sites, the maximum number of populations was set to six. By means of Geneland, we calculated the probability of assignment (posterior probability) of each considered spatial entity (i.e. an individual) to a certain cluster (population).
A map of posterior probabilities (membership see also Anand, 2006 and Rocchini & Ricotta, 2007 for uncertainty-based measures of membership related to spatial complexity issues) was obtained by PostProcessChain and PostTessellation functions into Geneland by tesselling the landscape at a resolution of 200 m.
Once plotted on a geographical map, posterior probabilities allowed us to visualize how many clusters could be inferred and their location over space.
Standard indices of diversity (N a, number of alleles; Ar, allelic richness; Ho, observed heterozygosity; He, expected heterozygosity) and differentiation (Fst and FPt) of the identified clusters were calculated with GeneAlEx version 6.4 (Peakall & Smouse, 2006) .
In order to highlight possible relations between ecological variables and the identified genetic clusters, data on soil depth and humidity were obtained from field-based observations of the Dipartimento Urbanistica e Ambiente of the Province of Trento, together with elevation derived from a 1-m digital elevation model (DEM). In addition, aspect, which is expected to be related to water stress regimes, was calculated by DEM using the GRASS GIS 6.4 (see GRASS Development Team, 2010; Neteler et al., 2012) r.slope.aspect function, appropriately modified for a north-based orientation. The reader is referred to Hofierka et al. (2009) or Neteler & Mitasova (2008) for additional information.
Then, a multivariate redundancy discriminant analysis [RDA: refer to Rao, (1973, pp. 594-595) and Legendre & Legendre (1998, pp. 579-594) for a complete mathematical dissertation on the foundation algorithms of RDA; Zuur et al., 2007 ] was applied at the individual level using the aforementioned posterior probabilities of occurrence within each cluster as response and environmental variables as predictors. According to McCune & Keon (2002) , the aspect a was folded with respect to the north axis as a folded = 180 -|a -180| in order to make use of a linear instead of a circular variable in the analysis.
RESULTS
No linkage disequilibrium was detected among the seven loci.
The results of three independent runs of Geneland clearly showed that three distinct clusters could be identified ( Fig. 2) : one comprising specimens from Nanzone and Padaro, the second with specimens from Toblino and the third including samples from Brione, Ranzo and Val Busa. All subsequent analyses were conducted on these three clusters.
The patterns of differentiation among the three clusters were investigated by analysis of molecular variance. The results were slightly different according to the method employed, that is F st or FPt (Table 1) . Taking into account only the allele frequencies, i.e. Fst, it was found that 1.9% of the total variance was a result of differences among the three clusters (P < 0.05). The other estimator, FPt (which includes information on genotype frequency and molecular distance; Excoffier et al., 1992) , attributed 3.8% of the total variance to among-cluster differences (P < 0.05).
The pairwise Fst and FPt values (Table 1 and Supporting Information Table S2 for comparison between original sampling sites) were highest between Toblino and the other two clusters. According to the different estimators, the differentiation of Toblino from Nanzone-Padaro and Brione-Ranzo-Val Busa was 1.5-4 times higher than the differentiation between Nanzone-Padaro and Brione-Ranzo-Val Busa.
The standard diversity indices (Table 2) did not reveal any significant difference (z-test, P > 0.05) among the three clusters. Despite being the cluster with the lowest number of individuals sampled, Toblino showed levels of genetic diversity comparable with those of Nanzone-Padaro and Brione-Ranzo-Val Busa.
Concerning the relationship between the posterior probability of occurrence within each identified cluster (response variables) and environmental features relevant for holm oak physiology, such as elevation, aspect, soil depth and humidity, used as explanatory variables, both the overall RDA model and the first two axes plotted in Figure 3 were statistically significant [analysis of variance (ANOVA) test with 1000 permutations, P < 0.01]. All variables used were statistically significant at P < 0.05 employing an ANOVA test with 1000 permutations. Toblino Nanzone-Padaro 0.008* 0.034** -*P < 0.05, **P < 0.01, ***P < 0.001 (based on 1000 permutations).
was placed in the top right part of the graph (Fig. 3) , characterized by relatively deep soil, low elevation and dry conditions. Brione-Ranzo-Val Busa was located in the bottom left part of the graph, where mainly arid and low soil depth conditions were found. Finally, the top left part comprised Padaro-Nanzone with dry and mid-elevation conditions. In other terms, the genetic/spatial clustering identified by
Geneland can be correlated with specific and relevant environmental features which probably play a key role in holm oak ecology.
DISCUSSION
The holm oak populations of the Italian Prealps, at the northern edge of Garda Lake, are situated at the northernmost limits of the species (Larcher, 1993) . These populations are assumed to have been present since the beginning of the Atlantic, that is around 8500 BP, with possible even earlier evidence at the southern edge of Garda Lake (Lona et al., 1965) . During this relatively warmer period, several floristic Mediterranean elements colonized this area. The extant holm oak populations are considered to be remnants of this Mediterranean palaeoclimax that has survived to date (Marchesoni, 1958) . The typical wide ecological amplitude of holm oak, associated with its adaptability to hydric and thermic stress (Barbero et al., 1992) , would explain the persistence at these latitudes. Our first aim was to test whether these peripheral populations retain the same amount of variability as that of central populations. Instead of relying on the rather simplistic assumption (for a review, see Waples & Gaggiotti, 2006 ) that each sampling site might correspond to a distinct population, we explicitly investigated whether the simultaneous use of individual genetic and spatial data could help us to identify the minimum number of genetically homogeneous clusters. The Bayesian clustering method implemented in the software Geneland allowed us to identify three distinct clusters. The first included individuals from the Toblino sampling site, the second specimens from Nanzone and Padaro, and the third individuals from Brione, Ranzo and Val Busa.
Having identified these clusters (henceforth referred to as populations), we were able to compare the amount of genetic diversity of the peripheral Garda Lake populations (cluster 3) with that of certain central populations. The expected and observed heterozygosity did not differ significantly (z-test on individual loci, P > 0.05) from those registered in certain Spanish populations, at nine microsatellites (Soto et al., 2007; Ortego et al., 2010) . The same was true for the number of different alleles. In the case of the comparison with populations from Huecas (Toledo, Spain; Ortego et al., 2010) , we observed a significant difference in allelic richness, with our populations having values in the range 5.41-5.63, whereas Spanish populations displayed a range of 8.36-9.34. This result could be explained, at least partially, by the difference in the number of microsatellites typed: we typed seven microsatellites, whereas nine were typed in the study of Ortego et al. (2010) ; furthermore, the difference in markers used could have introduced another source of bias. It proved hard to compare the signficance of inbreeding coefficients between our study and the other two as, in the latter, there is apparently no test of statistical significance. In any case, only the Brione-Ranzo-Val Busa cluster displayed a positive and statistically significant value of 0.086, whereas Toblino and Nanzone-Padaro showed slightly negative, but not statistically significant, values. A similar situation has been found by Soto et al. (2007) , whereas the populations from Ortego et al. (2010) showed positive values, from 0.01 to 0.14. We can conclude that the pattern of genetic diversity found in the peripheral Garda Lake populations does not seem to differ dramatically from that recorded in central populations, although it must be considered that, in our study, a smaller number of loci were typed. This means that a comparison of the different indices, especially those regarding the number of alleles, should be interpreted with some caution. Nonetheless, our peripheral populations do not appear to show any major sign of genetic depletion.
Despite the narrow geographical scale, with a maximum distance between the six original sampling sites equalling about 20 km, we retrieved a striking pattern of genetic differentiation. All the differentiation indices among the three clusters identified by Geneland were statistically significant. This differentiation is unlikely to be explained by phylogeography: as far as cpDNA is concerned, the area of Garda Lake is considered to be homogeneous (Fineschi et al., 2005) with just a single haplotype. On a broader European scale, all Italian specimens are grouped into the same cluster (Lumaret et al., 2002) , indicating the substantial phylogeographical homogeneity of Italian holm oak populations. Although very unlikely in the study area, this differentiation could be explained by old introgression events, as recorded in other oak species (e.g. Cosimo et al., 2009) .
The observed genetic structure is also hard to reconcile with other known characteristics of holm oak. As acorn dispersal is mediated by foraging animals, such as jays and rodents (Pons & Pausas, 2007) , holm oak seeds can be dispersed for tens of kilometres. The wide abiotic stress tolerance and sexual reproductive features (Yacine & Lumaret, 1988; Michaud et al., 1992) , together with wind pollen dispersal, make holm oak a rather good colonizing species, thus preventing significant structuring within populations. Holm oak appears to be very efficient in long-term effective gene dispersal (Soto et al., 2007) . For all of the aforementioned reasons, the pattern of differentiation recovered in an area spanning a few kilometres is surprising. To our knowledge, there is only one other example of differentiation at a microgeographical scale: two populations living on different slopes of the Etna volcano in Sicily (Michaud et al., 1995; Lumaret et al., 2002) . However, in this case, the peculiar volcanic regime, with the frequent release of lava, could have promoted a patchy distribution, thus favouring the isolation of subpopulations (Poli & Maugeri, 1974) .
In the Garda Lake area, that is at the northernmost limit of the holm oak distribution range, two vegetational forms can be recognized: on deep soil at the valley floor (as Toblino), Q. ilex tends to form mixed forest, with relatively large trees, concomitant with other sub-Mediterranean trees, whereas on slopes and crags (as Ranzo), it stands as isolated individuals (Larcher, 1993) , more often in shrub form. Detailed eco-physiological experiments have revealed certain relevant differences between the two forms. The roots of high trunk trees, usually found at the valley floor in more humid conditions, can cope better with drought and cold stress than the roots of trees and shrubs of cliffs and rocks (Diemer & Larcher, 1993) . At the same time, natural regeneration from plantules appears to be more efficient in high trunk trees (Larcher, 1993) . This difference is important in areas, such as north of Garda Lake, where catastrophic climatic events, such as winter freezing and summer drought, pose a serious challenge to holm oak persistence. Indeed, intensive use of forest for timber production and pastures during recent centuries has pushed holm oak onto less favourable soil and sites, such as cliffs and rocks.
This seems to be particularly important in the light of our results: the differentiation at microsatellites approximately matches the classification of the two vegetational forms: one represented by Toblino and the other by Brione-Ranzo-Val Busa. The population structure retrieved seems to be correlated with ecological and pedological features, as highlighted by RDA. The different sampling sites of holm oak can be subdivided into genetically different populations according to the following characteristics: soil depth, relative humidity and, to a minor extent, elevation. The two vegetational forms, that is trees growing on deep soil with relatively higher humidity and trees inhabiting more superficial soil with less humidity, find a clear correspondence in the genetic clustering of Toblino and Brione-RanzoVal Busa, with Padaro-Nanzone in an isolated position, partly related to altitude. Although Toblino is a population located at the valley floor on deep soil, the Brione-Ranzo-Val Busa cluster is composed of trees growing on the more superficial soils of cliffs and rocks in drier conditions. As we typed supposedly neutral markers, no immediate adaptation process can be invoked to explain this differentiation. The fact that we recorded a significant genetic differentiation between the two vegetational forms -F st = 0.031, P < 0.001 -despite being so close (Toblino and Ranzo are less than 2 km apart), only demonstrates that demographic and evolutionary factors over the last 9000 years have acted to maintain such differentiation, the ultimate causes of which could be presumably addressed by analysing the genes involved in metabolic pathways related to drought and cold stress tolerance.
For the time being, we can only formulate certain hypotheses about the distribution and persistence of the differentiation pattern. The area north of Garda Lake is dominated by a valley about 20 km in length. A characteristic periodic wind, known as 'Ora del Garda', blowing from the lake shorelines northbound (Wagner, 1938) , can easily allow pollen dispersal along this valley, thus promoting gene flow across different holm oak stations. This might explain why the two most distant sampling sites, Ranzo and Brione, belong to the same genetic cluster. If gene flow can be considered to be quite extensive in this area, the factors that might make a difference are the source of this gene flow and its final destination. For instance, the distance between Toblino and Ranzo, less than 2 km, although amplified by an altitudinal gradient of about 550 m, is so short that there is no special reason to exclude intense gene flow between these two sites. However, once seeds and/or pollen from Toblino arrives at Ranzo, and vice versa, it encounters completely different eco-pedological conditions. Although trees from Toblino evolved on deep soil with a certain amount of humidity, trees from Ranzo evolved in relatively superficial soil with drier regimes. As a result of this habitat preference, the final outcome would be a form of selection against individuals originating from sites with different features.
The genetic distinctiveness of the Toblino population has important consequence from a conservation and management perspective. The natural propagation of holm oak is preferentially made by high trunk trees that thrive on the deep soil of the valley floor with subhumid regimes. This is the vegetational form found in Toblino. It is therefore crucial to monitor this population in relation to the projected modifications of temperature and precipitation caused by climate change.
The results of our study clearly highlight the potential of explicit landscape genetics approaches to infer patterns of differentiation at the microgeographical scale . Furthermore, the correlation of these patterns with ecological and climatic features could soon be used to gain crucial information for an understanding of the genetic basis of species adaptation .
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